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Introduction
The remote sensing of molecular gases and vapors in the region between 0.1 -1.0 THz is a challenging problem, in part because of strong absorption of THz radiation by atmospheric water vapor. Even so, there are windows of relatively high transmission, especially at the lower THz frequencies, where transmission over paths greater than 100 meters is feasible. The historic Fig. 1 given below shows experimental measurements and a theoretical prediction of THz power attenuation due to atmospheric water vapor from 0.1 to 1.0 THz [1] . The predicted THz attenuation (dB/km) given by curve A in Fig. 1 is based on the sum of the calculated attenuation of all the water vapor lines, plus (curve B) an additional "extra water vapor absorption", which is needed to explain the experimental data. While the THz attenuation changes by nearly five orders of magnitude over this region, significant THz propagation can occur in the relatively transparent regions (indicated by the blue lines). At a water vapor density of 5.9 g/m 3 (relative humidity of about 34% at 20 °C) the predicted THz propagation length with 10 dB of loss is about 2 kilometers at 0.3 THz and about 125 meters at 0.93 THz. These propagation lengths are potentially useful for gas and vapor sensing applications.
In the lower frequency range from 0.1 -0. 3 THz there have been several examples of long path THz propagation in the context of measuring attenuation due to water vapor absorption. Using backward wave oscillator (BWO) sources field measurements of atmospheric THz attenuation were performed by Dryagin et al. [2] and Ryadov et al. [3] . In the case of Ref [3] , output power as high as 300 mW was used. These studies achieved propagation paths of several kilometers, depending on the frequency used. At higher frequencies up to 1.1 THz, long path THz measurements have been made in the controlled laboratory environment. An example is that of Burch who used multi-pass Fourier transform spectroscopy in a sample chamber to propagate THz radiation over paths as long as 469 meters and thereby measure THz attenuation due to water vapor in the region between 0.15 -1.1 THz [4] .
More recently, the far-infrared studies of water vapor in the atmosphere have concentrated on determining and understanding the water vapor continuum absorption with respect to its importance to ground-based astronomy, remote sensing, and satellite-based applications [5] [6] [7] [8] [9] [10] . These studies include measurements using single frequency sources [5] and broadband Fourier transform spectrometers (FTS) [6] [7] [8] [9] [10] . Some of this work has described laboratory measurements over a large range of water vapor pressure and temperature [5, 7, 8] , and some has been conducted at ground-based astronomy sites [6, 9, 10] , including the presentation of the zenith transmission spectrum of the atmosphere from 350 GHz to 1050 GHz at Mauna Kea during the extremely dry El Nino conditions [10] . These works [6] [7] [8] [9] [10] were based on farinfrared FTS measurements, which will be described and compared to the THz time-domain spectroscopy (THz-TDS) measurements presented in this paper (see the Appendix). Absorption due to the dry air continuum is also of considerable importance for atmospheric propagation. Recently, laboratory measurements of the dry air continuum have been reported using the cavity ring down method [11] . An important goal of the measurements in references [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] is towards developing and refining theoretical models that predict atmospheric transmission in the millimeter-wave and submillimeter/THz regions [12] [13] [14] . Finally, numerous atmospheric studies have been made at high altitudes using aircraft and balloon platforms. A description of some of these works may be found in reference [15] .
For active detection of analyte vapors at ground level, cw techniques have been applied in the window from 0.22 -0.30 THz to the field detection of gases. Gopalsami et al. developed a millimeter radar chemical sensor based on a BWO source [16] . Using rapid scanning of the BWO they attempted field detection of a methylchloride plume at a distance of 60 meters from the source. The tunability of the BWO was sufficient to overlap three of the methylchloride pressure broadened rotational bands.
In contrast, there have been relatively few studies of broadband coherent THz pulse propagation in the atmosphere. In one example Liu et al. demonstrated ultrashort THz pulse propagation over a 100 meter path at 10% relative humidity [17] . Here, most of the observed low frequency attenuation was due to frequency dependent power transfer losses in the THz propagation system. More recently, Yang et al. have used THz-TDS with optoelectronic antennas to characterize THz attenuation due to water vapor from 0.2 -2 THz over a 6.2 meter path [18] . However, THz detection of analyte vapors in the ambient atmosphere using broadband ultrashort THz pulses has not been previously demonstrated.
An important motivation for using a coherent broadband THz-TDS system is the potential to transmit significant spectral amplitude over relatively long paths in each of the atmospheric transparency windows. For small molecule gases and vapors that have sufficiently resolved rotational structure at atmospheric pressure, broadband detection provides an opportunity to simultaneously detect a relatively large number of rotational lines (or bands) in the transparency windows, which can increase the robustness of identification. Recently, Yang et al. described a long-path apparatus that transmitted ultrashort THz pulses through the atmosphere over a path of 167 meters with efficient coupling to the receiver for frequencies between 0.1 and 1.6 THz [19] . Even with significant losses due to water vapor absorption, diffraction, and coupling back to the receiver the returned THz pulse could be detected with high signal to noise (~200:1). This demonstration leads to the opportunity to investigate the use of long-path THz-TDS to remotely detect gases and vapors. In this paper we describe experiments that detect the rotational spectra of small molecule vapors under conditions of ambient pressure and temperature, and where the THz beam propagates over relatively long path lengths that are external to the conventional short THz beam path (~50 cm) within the spectrometer. We compare two cases. First, where the THz beam propagates over a round trip external path of 6.7 meters in an environmentally controlled long-tube chamber [20] , and second, where the THz beam propagates over a much longer 170 meter open path in the ambient laboratory environment. We describe the relevant observables for long path THz-TDS detection of the rotational signatures in both the time and frequency domains. We also discuss the detection sensitivity achievable with the current apparatus and the types of molecular vapors for which specificity is achievable under ambient conditions. 3 . Curve A represents attenuation calculated by summing the theoretical contributions by all the lines and adding the continuum represented by curve B. The H2O density corresponds to a relative humidity of 34% at 20 °C. The symbols represent experimental measurements of several groups which are referenced in Ref [1] . The blue lines with circled numbers indicate the regions of relative transparency that overlap with the THz-TDS bandwidth.
Experimental
Two experimental apparatus are used for measurement of analyte vapors contained within a path external to a conventional THz spectrometer. The first apparatus transmits the THz beam over a roundtrip path length of 6.7 meters. The beam path includes propagation in a long tube chamber where analyte vapors can be introduced. This apparatus will be referred to as the "long-tube" apparatus. The second apparatus transmits the THz beam over a much longer path of 170 meters and is called a "long-path" apparatus. Both of these apparatus are based on a modified optoelectronic THz-TDS spectrometer and were initially described in references [18] and [19] . We briefly describe these apparatus below with some modifications for the detection of vapors.
Long-tube apparatus
A schematic of the long-tube apparatus is shown in Fig. 2 . The THz spectrometer is contained in dry-air purged box #1. The THz beam is coupled out of the spectrometer by a removable mirror pair and into dry-air purged box #2 through a 15 cm diameter thin (12.5 µm) film plastic window, which is highly transparent and has very little reflection. Box #2 is connected to a 6" (15.24 cm) inner diameter commercial PVC pipe. Both ends of the pipe are sealed with thin film plastic windows so that it encloses an air-tight round trip path length of 5.4 meters. The THz beam is returned through the tube and to the receiver using a 6" (15.24 cm) diameter concave spherical mirror with a 120" (3.04 m) radius of curvature. The total extra round trip distance of the path external to the standard spectrometer path is 6.7 meters. This distance is equal to 2 round trips of the ultrafast pulses in the titanium sapphire pump laser cavity with a repetition rate of 89.695 MHz. Therefore, to gate the receiver we use the second pulse down the pulse train from the optical pulse that gates the transmitter (see Fig. 2 ). The PVC tube contains two ports so that the tube can be purged with dry air or ambient air. The tube also contains a small hole (diameter < 1 mm) in the side where vapor can be introduced with a syringe, or from drops of a volatile liquid. The measurement sequence is as follows. For measurements in a relatively dry environment the tube is first purged with dry air to a reach a desired relative humidity. Then the tube is sealed for subsequent THz waveform measurements. For measurements at ambient humidity, laboratory air is first circulated through the tube for several minutes. Reference scans are measured over a scan length of 166 ps corresponding to a spacing between points in the frequency domain of 6.1 GHz. The sample vapor is then introduced and signal scans are measured over the same time base. The lock-in amplifier time constant is set to 30 ms and a waiting time of 120 ms is used. A 40 micron step size is used for the waveform scan leading to 625 data points (0.26667 ps/step). In the current apparatus a single scan takes approximately 180 seconds to complete. Based on these lockin amplifier settings an optimized system might in principle approach only 75 seconds to complete a single scan. Typically, four reference and signal waveforms are averaged. The averages are then zero-padded to 1650 ps and Fourier transformed to obtain spectral amplitudes. The zero-padding performs an interpolation in the frequency domain but does not improve the spectral resolution. The measured spectral amplitude is broadened by the convolution with the instrument spectral window [21] . The window can be modeled as a sinc function sin(2πνT)/(2πνT), with FWHM = 0.609/T, where T is the effective time window. Therefore, for the 166 ps time window, the experimental frequency response is convoluted with the 3.67 GHz FWHM spectral window function.
Long-path apparatus
A schematic of the long-path apparatus is shown below in Fig. 3 . The current 170 meter path apparatus is based on the original 10 mirror 167 meter path design [19] , but lengthened slightly by 3 meters. The apparatus uses the same THz-TDS spectrometer but differs from the long-tube apparatus in several ways. First, the entire apparatus (with the exception of the sample tube) including the spectrometer is in the ambient environment. Second, to reduce diffraction losses relatively large mirrors (Edmund Optics) are used to guide the THz beam. The collimating mirror M3 has a diameter of 12.5" (32 cm) and a 125" (317.5 cm) focal length. M4 = 16" x 24", M5 = 12" x 12", and M6-M10 = 16" x 24". Third, the sample tube consists of a 12" (30.5 cm) diameter 24" (61 cm) long clear Plexiglas tube fitted with air-tight thin film plastic windows on both ends. For convenience the sample tube is placed on the optical table between mirrors M2 and M3 (In principle, placement anywhere along the path would effectively result in the same double pass). The total round trip sample path length is 1.2 meters, which is 4.5 times shorter than the long tube described above. The gating of the returned THz pulse is accomplished using the 52 nd laser pulse down the optical train from the laser pulse that excites the transmitter.
The alignment of the THz beam is quite stable considering that it first propagates along an optical table via M1-M4, and then propagates through the rest of the laboratory using floormounted mirrors (M5-M9). There is a slow thermal drift in the pulse train of about 0.6 ps/hr, corresponding to a drift of 180 µm/hr, which is about 1 part-per-million of the 170 meter path. The thermal drift is quite slow compared to the three minute measurement time to scan a waveform.
The repetition rate of the mode-locked laser without any special features is quite stable at 89.6948(x)(x) MHz with frequency drift and some jitter in the last 2 digits indicated by x in the open brackets. The above repetition frequency corresponds to a delay between pulses of 11.148918 ns, which is multiplied by 51 to give the total laser-clock defined long-path delay of 568.594835 ns. Over the course of an experiment, there are slow changes of the order of 100 Hz. If the clock rate is reduced to 89.6947 MHz, the corresponding total time delay is increased to 568.595469 ns, causing a difference in the total long-path clock delay of 0.63 ps. This change in delay is easily measured and is almost equal to our observed drift of 0.6 ps/hour [19] .
Our total drift is caused by both the laser-clock drift, which is easily measured by the frequency counter and by the slow drift of the length of the 170 m long THz optical train. A 149 m-long part of the 170 m optical train is directed by heavy optical mirror mounts supported by the thick floating concrete slab floor of the basement laboratory. The other 21 m-long part of the THz optical train is on the stainless steel (s.s.) optical table. The massive floor is considered to respond very slowly, on the order of many hours or days, to average temperature changes, while the temperature response of s.s. table is much faster. It is important to note that for both stainless steel and concrete, the coefficient of thermal expansion is approximately (∆L/L) = 10 −5 / °C. Consequently, if the temperature difference ∆T between the concrete floor and the s.s. optical table remained the same, the measured start time of the long-path transmitted THz pulse would not change. However, if the difference temperature ∆T changed by 1 °C, a length difference of 170 m x 10 −5 would occur, with the corresponding change in the start time of the THz pulse of 5.7 ps. This time change is quite significant and is easily observed.
In general, for measurements in the time domain, changes in the starting time of the measured signal cause frequency-dependent phase changes in the corresponding complex spectra. However, if there is no significant time drift during the time duration of the measurement, the amplitude spectra of the corresponding signals do not change. Consequently, under such conditions, averaging of many pulses should involve averaging of their amplitude spectra. The alignment of the long-path THz optical train is surprisingly stable, requiring no adjustments over periods as long as two-weeks. The main stability issue involves the reproducibility of the THz input pulses to the optical train, caused by changes in the laser driving and sampling pulses and their incoming beam directions, and their precise focusing on the transmitter and receiver antennas. This problem is best characterized by measuring several input THz pulses and comparing the ratio R(ω) of their individual amplitude spectra to their average. For high-sensitivity operating conditions R(ω) = 1.00 ± 0.005; for acceptable operating conditions R(ω) = 1.00 ± 0.01. If these ratios cannot be achieved, then the laser alignment and laser beam alignment and focusing on the THz transmitter and receiver antennas are adjusted for optimum response and stability. Typically, we have several days of operation until such adjustments, which are usually relatively minor, are needed.
The data acquisition parameters used in the long-tube measurements is also used in the long-path measurements. The following sequence is used to perform long-path measurements of analyte vapors contained in the sample tube. First, the system operation and stability are checked by measuring the performance of the THz-TDS system with the coupling mirrors removed. This measurement gives the input pulse to M1. Second, the coupling mirrors (M1 and M10) are installed with no mirror alignment necessary. The THz pulse train then propagates through the 170 meter path making a double pass through the sample cell containing only ambient laboratory air. The pulse train returned to the receiver is measured and this waveform serves as the reference. After measurement of typically six to eight reference waveforms the sample tube is loaded with an analyte vapor through a small hole in the side of the tube. The signal waveform is then measured and repeated six to eight times. Each reference and signal waveform is zero padded to 1650 ps and then Fourier transformed to give spectral amplitudes. From these measurements the average signal and reference spectral amplitudes are calculated. We found that the S/N improved with the square root of the number of spectral amplitudes averaged up to nine. Further averaging requires too much time, and system drift can become an issue.
Results and discussion
Effect of the external path propagation on the THz pulse and spectrum
To begin we compare the THz pulse and spectrum before and after the external path propagation. Figure 4 below shows experimental waveforms and spectral amplitudes of the input THz pulse to M1, the THz pulse returned after propagating through the long-tube apparatus (total round trip path 6.7 meter) at 51% relative humidity (RH), and the THz pulse returned after the 170 meter round trip propagation through the long path apparatus at 50% RH. The "input" THz pulse (bottom black curve) is the pulse that propagates in the nearly dry 50 cm path spectrometer and is a clean nearly single cycle pulse with a spectral amplitude containing frequency components to about 2 THz. The small dips in the spectral amplitude are due to residual water vapor in the dry box with humidity less than RH 0.5%. A single waveform is measured with a peak signal to noise ratio (S/N) of about 5000:1. The average input power was 30 nW. The THz pulse after propagating through the long-tube apparatus is shown (multiplied by 4) as the middle red curve. The peak amplitude has been reduced due to input and output coupling and water vapor absorption. The strong oscillations are due to the interaction with water vapor at 51% RH. The waveform in this case is detected with a peak S/N of approximately 500:1. The strong water vapor rotational transitions shown in the amplitude spectrum (middle red curve) result in essentially complete absorption of the spectral amplitude about the center frequencies. Weaker water vapor lines are easily observed at 0.380 THz, 0.443 THz, and 0.620 THz. We also note the appearance of some broad modulations on the spectral amplitude. The most notable are centered at 0.2 THz and 0.25 THz, but they also appear elsewhere. These modulations are not due to water vapor, rather they are likely due to slight clipping of the THz beam on the inner surface as the beam propagates through the long tube. The same modulations are present in both the reference and signal and therefore can be largely cancelled out in the absorbance spectra. Despite the strong effect of water vapor the spectral amplitude retains broad transmission windows to about 1.6 THz which can be used for detection of rotational resonances of analyte vapors. Fig. 4 . Experimental waveforms (top) and spectral amplitudes (bottom). The input THz pulse to M1 and spectrum are indicated by the bottom black curves. The weak strength of the observed water lines indicates that the humidity was less than 0.5% RH in the dry-air purged Box No. 1. The THz pulse/spectrum returned to the receiver after propagating over the 6.7 meter path at 51% RH in the long-tube apparatus are indicated by the middle red curves and multiplied by a factor of 4. The THz pulse/spectrum after the 170 meter propagation at 50% RH in the long-path apparatus are shown by the top blue curves and multiplied by a factor of 10. For clarity, the red and blue curves are offset.
The THz pulse and spectral amplitude after propagating 170 meters at 50% RH in the long-path apparatus are shown above as the top blue curves in Fig. 4 . Here, the interaction with the water vapor rotational transitions has dramatically broadened the oscillatory pattern so that the oscillatory signatures are still visible at 160 ps. The broadening of the oscillatory pattern has been attributed in part to group velocity dispersion resulting in a frequency swept waveform, with the higher frequency components trailing the lower frequency components [19] . The peak amplitude has been further reduced by the increased water vapor absorption and losses due to the frequency dependent amplitude coupling which includes diffraction losses. The frequency dependent amplitude coupling has been described in quantitative detail in reference [19] . The waveform and spectral amplitude curves are the average of six measurements. With this level of averaging the peak S/N for the waveform is approximately 200:1. The average transmitted power was 130 pW. The 170 meter path propagation at 50% RH limits the transmission of frequency components to a maximum of about 0.95 THz. In addition, very weak water vapor transitions now appear in the spectrum at 0.184 THz, 0.326 THz, 0.474 THz, 0.659 THz, and 0.861 THz. Despite the strong effect of water vapor absorption there remain several regions of relative transparency which can be used for vapor sensing.
For the 170 meter path propagation we have also observed absorption features from the magnetic transitions of O 2 . At ground level the amplitude absorption for the O 2 lines near 424.8 GHz and 834.1 GHz is predicted to be a few percent for a 170 meter path, which is approximately at the current detection threshold of our system (see below). While not shown here, we have found that these relatively weak absorption lines are more clearly observed under relatively dry conditions (RH < 10%).
Measurement of analyte vapors in the long-tube apparatus
The first example of a long-tube vapor measurement is for acetonitrile (CH 3 CN) vapor. CH 3 CN is a symmetric top molecule and its rotational spectroscopy has been well studied using high resolution methods [22, 23] . For the case of atmospheric pressure broadening the rotational constant B is approximated as 9.199 GHz, which leads to a manifold of equally spaced rotational transitions separated by twice the rotational constant, 18.40 GHz. This separation is sufficient to allow resolution of the J→J + 1 rotational bands under ambient pressure. The highly oscillatory pattern with large amplitude at early times is due to the interaction with the rotational transitions of water vapor. This signal decays sufficiently to expose a second component which consists of echo-like pulses centered near 79 ps and 133 ps. The echo pulses are a consequence of the coherent excitation of (nearly) equally spaced rotational transitions of the symmetric top molecule. Such echoes in THz transients were first observed by Harde et al. [24] and subsequently by Mittleman et al. [25] , both using THz beams contained in a standard THz-TDS spectrometer, and without interference from water vapor. The observed recurrence time, τ, is approximately 54 ps, which corresponds to the inverse of (C) 2012 OSAthe frequency spacing (∆τ = 1/18.40 GHz)) between rotational bands. The decay of the echo pulses is to first order related to the collision broadened linewidth. We note that for the 6.7 meter path the echo pulses are easily observable at the low RH of 14% in the sample tube. At significantly higher RH the interference from the stronger water vapor signal would tend to obscure the echo pulses. Figure 5 (bottom) shows the Fourier transform of the waveform. Here, the spectral amplitude clearly shows the equally spaced rotational absorption bands. Superimposed on the spectrum is the nearly complete absorption due to the strong water vapor transitions at 0.55 THz, 0.75 THz, and 0.98 THz. Figure 6 (Top) shows amplitude absorbance spectra for CH 3 CN vapor at three concentrations inside the sample tube: 200 ppm, 50 ppm and 12 ppm [20] . The amplitude absorbance is the natural logarithm (αL/2) of the ratio of the signal amplitude spectrum to the reference amplitude spectrum. These measurements were made at a much higher RH of 51%. The strong modulations in the spectrum are due to the incomplete removal of saturated water vapor absorption. At the highest concentration the rotational manifold of CH 3 CN is clearly observed. The J→J + 1 bands are not fully resolved because of the combined pressure and instrument broadening. We also note that each absorption band contains a superposition of non-degenerate K→K transitions, which add slightly to the width of the absorption bands. In the region where S/N is the highest (0.4 -0.7 THz) the frequencies can be measured with a precision of about ± 0.5 GHz.
In addition, CH 3 CN has a relatively low frequency vibrational mode (v8) at 365.05 cm −1 , which is doubly degenerate (v8 = 1, B≈9.226 GHz [23] ; v8 = 2, B≈9.252 GHz [23] ). At room temperature the THz absorption from vibrationally excited CH 3 CN is non-negligible. The rotational bands of CH 3 CN (v8) will have a frequency-dependent offset from ground state CH 3 CN because of the different rotational constant in the excited vibrational state. As the CH 3 CN vapor concentration is lowered to 50 ppm the amplitude absorbance becomes correspondingly smaller. The limit of our detection sensitivity occurs near a concentration of approximately 12 ppm, where an experimental amplitude absorbance of about 1% is measured with S/N~1. The negative amplitude absorbance near the water vapor lines resulted from a slight decrease in the humidity level in the sample tube during the data collection for the 12 ppm sample.
We compare the experimental spectrum for CH 3 CN to the theoretically predicted spectrum using database values for the CH 3 CN line frequencies and line intensities that are tabulated in the JPL spectral line catalog [26] . The absorption coefficient between pairs of J,K levels in CH 3 CN can be calculated using
is the line intensity (cm −1 /molecule cm −2 ) for a J→J + 1, K→K transition, the index v represents the vibrational state, N is the number density (molecules/(cm 3 -atm)), P o is the partial pressure of the analyte vapor (atm), and g(ν) is the Lorentz lineshape function, 2 2 ,
with transition frequency ν J,K , and, for simplicity, the half width ∆ν is taken to be the sum of the pressure broadening and a Lorentzian-type instrumental width, ∆ν p + ∆ν instr . The spectrum is obtained by summing over J,K states and vibrational states v. For our calculation we only consider the ground vibrational state v = 0 and the low frequency mode v8 = 1, for which the values of transition frequency and line intensity are available in the JPL catalog, Fig. 7 (top) shows the frequency region between 1.2 -1.6 THz, where the spectral amplitude returned to the receiver is relatively small, but still sufficient to observe an additional eight absorption lines. Figure 7 (bottom) shows the absorbance spectrum between 0.4 -0.95 THz (black line) derived from the signal and reference spectral amplitudes. As before, the saturated absorption due to the strong water vapor lines cannot be removed. Even so, up to 12 absorption lines due to the analyte can be observed in this region. However, upon comparison with the JPL catalog [26] , we find that the majority of the line frequencies agree with the rotational transitions of semi-heavy water vapor, HDO. In the presence of H 2 O the H and D atoms will rapidly exchange according to the reaction: H 2 O + D 2 O ↔ 2HDO. In the presence of excess H 2 O the equilibrium will be driven to increase the concentration of HDO. The conversion to HDO is likely facilitated by interaction with H 2 O on the walls of the tube. To determine the extent of the conversion we fit the experimental absorbance spectrum to a superposition of D 2 O and HDO absorbance spectra using the line frequencies and line intensities from the JPL catalog [26] (which are then converted using Eq. (5)) and varied the ratio of HDO:D 2 O spectra to obtain a best fit. A 3.5 GHz HWHM linewidth is used. The best fit is shown as the red curve in Fig. 7 and corresponds to a ratio of 22:1 HDO:D 2 O. An isolated D 2 O absorption near 0.693 THz is indicated by the black arrow in Fig. 7 . The fit implies that about 92% of D 2 O has converted to HDO. The closeness of the fit to the experimental spectrum indicates the stability of the THz-TDS long-tube apparatus and confirms the ability to determine the line frequencies with accuracy better than 1 GHz in the spectral range shown. Similar to the case of CH 3 CN shown above, an amplitude absorption of about 1% can be resolved with S/N ~1 with an average of four measurements. Amplitude absorbance spectrum derived from the curves of the top panel. The black curve is the experimental absorbance. The strong modulations near 0.55 THz and 0.75 THz are due to the saturated absorption from water vapor. The red curve is a fit to the experimental absorbance using line frequencies and line strengths for HDO and D2O contained in the JPL catalog. The black arrow indicates an isolated absorption due to D2O.
Measurements of analyte vapors in the long-path apparatus
The measurement of target vapors over the much longer 170 meter round trip path is more challenging because of increased water vapor absorption, greater fluctuations in humidity, and thermal and mechanical fluctuations leading to variations THz pulse path length. The strong effect of water vapor absorption on the THz waveform from the 170 meter path propagation was shown in Fig. 4 . In this section we investigate the ability of the long-path apparatus outlined in Fig. 3 to measure the rotational spectra of CH 3 CN and the HDO/D 2 O mixture. Figure 8 compares spectral amplitudes for the reference (upper black curve) where the sample chamber (1.2 meter round trip path length) contains ambient air only and signal (lower red curve) where the sample chamber contains CH 3 CN vapor at a concentration of 800 ppm mixed with ambient air. The higher concentration is used to achieve similar absorption strength as for the 4.5 times longer PVC tube. Each of the curves is the average of six separate measurements. The laboratory RH was 50%. Within the transmission windows several of the rotational absorption bands are clearly observed as dips in the spectral amplitude signal.
In the measurement, six reference waveform scans were collected first (no CH 3 CN in the chamber) and the spectral amplitudes averaged to obtain the reference spectrum. CH 3 CH was then introduced to the chamber and allowed to equilibrate, and six signal waveforms collected and the spectral amplitudes averaged to obtain the signal spectrum. As a check of the system and environmental stability, a second set of six reference scans were taken. Typically we found that the two sets of reference spectra showed agreement to within 5%. A full sequence of measurements required about 1 hour to complete. The corresponding absorbance spectrum is shown below in Fig. 9 (top) . The hatched areas indicate regions of complete absorption by water vapor, consequently rotational transitions of the analyte cannot be observed in these regions. However, in the transmission windows as many as 20 rotational bands can be observed. From Fig. 4 the peak of the spectral amplitude is approximately 3-4 times smaller than for the long-tube measurements, which leads to a correspondingly smaller signal to noise ratio. A measure of the minimum detectable absorption is given in Fig. 9 (bottom) showing the noise baseline recovered from averaging six pairs of reference measurements. Depending on the position within the transmission windows the minimum detectable amplitude absorption (S/N ~1) varies between 2.5 -5%.
This may be compared to the minimum detectable amplitude absorption of ~1% obtained with the long-tube apparatus. The final example shown below in Fig. 10 is the detection of a HDO/D 2 O vapor mixture contained in the sample chamber within the 170 meter THz path. Here, D 2 O liquid is initially evaporated in the sample chamber in an amount equivalent to a vapor concentration of approximately 3000 ppm. As before, the four-fold larger concentration (compared to the longtube measurement) is used to compensate for the shorter interaction path. Figure 10 Also from the fit we find that the accuracy of the experimental line frequencies is within 1.5 GHz of the JPL catalog values. This finding is an indication the stability of the long-path apparatus over the approximate 1 hour time to perform the reference measurements, introduce and equilibrate the sample, and the perform the signal measurements. It's useful to discuss the sensitivity of the long-path system to the detection of various small molecule gas/vapor analytes. With respect to Eq. (1) 2 S. For our current system with 120 ms acquisition time per waveform time step and three minutes per 625 point waveform scan, then the collection of eight signal and eight reference scans for 3% sensitivity requires a minimum of 48 minutes. As mentioned above, an optimized data acquisition system might approach 75 seconds per scan, or 20 minutes for the set of eight signal and eight reference scans.
Summary and outlook
Using a modified THz-TDS spectrometer we have demonstrated detection of rotational spectra of analyte vapors located remotely from the spectrometer and under ambient laboratory conditions of temperature, pressure, and humidity. Two types of apparatus were investigated. First, in the long-tube configuration the detection of the signature echo pulses from CH 3 CN was demonstrated in the presence of low relative humidity of 14%. The interference of the water vapor signatures obscures the echo transient at the higher relative humidity of 51%. However, here, we were able to detect the absorbance spectra of analyte vapors over a broad range of frequencies from 0.2 -1.6 THz. The minimum detectable amplitude absorption was shown to be approximately 1%. Second, we demonstrated detection of rotational transitions when the THz beam propagated over a much longer 170 meter open path in the ambient laboratory environment, subject to increased losses due to water vapor absorption, amplitude coupling and diffraction, as well as increased environmental fluctuation in humidity, temperature, and mechanical vibration. In this more challenging environment we showed that the long-path apparatus had sufficient stability to detect rotational line amplitude absorption as small as about 3-5%. The increased THz loss due to water vapor absorption limited detection to the transparency windows below about 1 THz. To our knowledge, both of these demonstrations represent the first of their kind for broadband ultrashort THz pulses.
To assess the potential of using broadband THz pulses for remote sensing applications it's important to discuss current limitations in detection sensitivity, as well as the type of vapors where this method can achieve specificity. Our current THz-TDS system uses only about 10 mW of optical power to gate each the transmitter and receiver, out of more than 300 mW that is available. The 10 mW optical beam generates a low power beam of THz pulses with about 30 nW of average power. After propagation of 170 meters, with losses due to water vapor absorption, coupling back to the receiver, and diffraction, it was determined in Ref [18] . that the returned power was reduced to 130 pW. Even so, the THz waveform can be measured with S/N of 200 (baseline to peak). There is potential to significantly increase S/N through a combination of increasing the generated THz power, optimizing the THz pulse spectrum for overlap with the atmospheric transparency windows, and reducing diffraction loss. For example, by using larger feature size photoconductive antennas, or interdigitated antennas [28] , it should be possible to gate the transmitter and receiver with 100 mW of optical power. In principle, this modification alone could lead to a 100-fold increase in the detected THz signal power. Higher THz power levels would be useful to reduce the signal acquisition time for detection.
Pressure broadening places a limitation on the generality of THz sensing of vapors in the ambient environment. The relatively light molecules discussed here represent favorable cases because of the small partition functions and large separation between rotational lines. Qualitatively, for molecules that can be described as symmetric tops, a 5 GHz FWHM pressure-broadened line width implies that the rotational constant (total angular momentum) should not be much smaller than 5 GHz in order to at least partially resolve the rotational bands. Therefore, at atmospheric pressure, specificity is maintained only for the class of relatively small and light vapor molecules with relatively large rotational constants. However, it should be mentioned that the detection of small molecules such as HCN, HCl, H 2 S, and CH 2 CO, are relevant to the sensing of toxic gases and vapors. Heavier molecules are far more challenging for detection because of their large partition functions and more complex spectra, which tend to merge into broad absorption features at ambient pressure, compromising specificity. We note that to increase specificity and extend the generality of THz sensing to larger molecules an infrared-THz double resonance method has been recently proposed [29] .
Sensing in the field will be more challenging because of atmospheric fluctuations in humidity, temperature, pressure, and increased mechanical vibrations. These atmospheric fluctuations can affect the repeatability of signal and reference measurements conducted over a given time duration. There is also uncertainty in projected detection levels of analytes due to uncertainties in the level of moist and dry air continuum absorption which are pressure and temperature dependent, and due to line mixing [30] (collision-induced coupling of energy levels undergoing a transition) which can be significant at ambient pressure. The extent to which the atmospheric fluctuations mentioned above affect detection using THz-TDS remains to be determined.
Appendix Comparison of THz-TDS with far-infrared FTS
With respect to recent and ongoing experimental work cited in the introduction, that uses farinfrared FTS to study the atmosphere and the continuum absorption of water vapor, the following comparison between THz-TDS and FTS is provided. For THz-TDS the detection of THz (far-infrared) radiation is extremely sensitive. Although the energy per THz pulse is usually very low (0.3 femtoJoule), the 100 MHz repetition rate and the coherent detection measures the electric field of the propagated pulse with a signal-to-noise ratio of up to 10,000 with an integration time of 125 msec [31] , for the incoming beam with an average power of 30 nW. In terms of the average power, this room-temperature sensitivity exceeds that of the liquid helium cooled bolometers used in FTS by more than 1000 times [32] . Because of the gated and coherent detection, the thermal background, which plagues FTS measurements in the far-infrared, is observationally absent. The THz beams are spatially coherent and well collimated, allowing for excellent shielding from scattered radiation and for tight coupling to the receiver with an extremely small solid angle of detection to further discriminate against scattered and thermal radiation.
The opto-electronically excited, subwavelength Hertzian dipole antenna of the THz transmitter can be considered as a point source for the analysis of the diffraction effects of the entire THz optical train. For our long-path system, the returning beam of the THz pulses captured by our 30 cm diam. telescope mirror is focused to the diffraction limited spot size of Si lens optically coupled to Hertzian dipole antenna of the receiver. This spot size diameter is approximately the free-space wavelength divided by the THz index of refraction of Si, n = 3.42. This diffraction limited focusing is in contrast to that for the FTS extended source of an arc lamp or hot glow bar.
The frequency resolution of the two techniques are similar, since they are both based on a scanning delay line, where to first order the frequency resolution is determined by the reciprocal of the time scan. As demonstrated in references. 9 and 10, long scan FTS can achieve at least ~ 200 MHz spectra resolution. In principle, similar resolution can be achieved using opto-electronic THz-TDS methods. However, in practice, the scan length in THz-TDS is often limited to smaller lengths by reflections in the THz pulse train that occur within the optically gated antennas. These reflections can be difficult to eliminate.
A powerful advantage of THz-TDS is that the electric field pulse is measured. In the 10 nsec time interval between the sub-picosecond THz pulses there is essentially no power from the THz transmitter, only incoherent noise. This situation plus the fact that the THz receiver is gated to eliminate the incoherent thermal radiation between pulses, allows for the extremely high S/N values for the measured electric field pulses. A subsequent numerical Fourier transform of the measured THz sample pulse gives the complex amplitude spectrum, a product of the amplitude spectral response of the receiver, the sample and transmitter. Dividing this complex spectrum by that of the THz reference pulse (measured THz pulse with no sample in place), gives the complex amplitude spectral response of the sample [33] .
In contrast, FTS typically measures (with helium cooled bolometers) the transmitted THz (far-infrared) power from an interferometer as a function of the relative path difference between the two arms [34] . Assuming an incoherent source, the resulting interferogram has the form
